Thyroid hormones act directly on gene transcription in the post-natal developing cerebellum, controlling neuronal, and glial cell differentiation. We have combined three experimental approaches to identify the target genes that are underlying this phenomenon: 1) a microarray analysis of gene expression to identify hormone responsive genes in the cerebellum of Pax8 K/K mice, a transgenic mouse model of congenital hypothyroidism; 2) a similar microarray analysis on primary culture of cerebellum neurons; and 3) a bioinformatics screen of conserved putative-binding sites in the mouse genome. This identifies surprisingly a small set of target genes, which, for some of them, might be key regulators of cerebellum development and neuronal differentiation.
Introduction
Thyroid hormones (THs, i.e. 3, 5, 3 0 -tri-iodothyronine; T 3 , and its less active precursor thyroxine (T 4 )) are essential regulators of brain development, congenital hypothyroidism resulting in severe and irreversible mental retardation (Zoeller & Rovet 2004) . Understanding TH action during brain development would bring new insight to our knowledge of basic neurodevelopment mechanisms, help clinical investigations of TH-deficiency consequences and also allow us to address the growing concern that some chemicals present in food are dangerous for brain development (Zoeller & Rovet 2004) . Although less common, TH excess is also detrimental to brain development (Kempers et al. 2003 (Kempers et al. , 2005 . Rodent cerebellum development is highly sensitive to hypothyroidism and appears to be a suitable experimental model to study congenital hypothyroidism (Lauder 1977 , Bernal et al. 2003 , Bernal 2005 . It takes place mainly during the first post-natal weeks, a developmental stage which coincides with a peak in the circulating level of T 3 (Hadj-Sahraoui et al. 2000) . At this time, neuroblasts proliferate in the cerebellar external granular layer (EGL), a transient structure that disappears in mice 3 weeks after birth. The EGL cells are capable of self-renewal or migration toward the inner granular layer, where they undergo terminal differentiation. Hypothyroidism results in delayed proliferation, reduced migration, and increased rate of apoptosis of EGL cells, concomitant to a reduction in Purkinje cells arborization. It is also responsible for delayed oligodendrocytes differentiation (Rodriguez-Pena 1999) and aberrant maturation of Bergmann processes of the Golgi epithelial cells, a cerebellum-specific astrocyte population (Morte et al. 2004) . In vitro experiments suggest that T 3 acts in a cell autonomous manner on all these cell types (Thompson 1996 , Trentin et al. 1998 , Tang et al. 2000 , Kimura-Kuroda et al. 2002 , Heuer & Mason 2003 . As multiple cell-cell interactions underlie cerebellum development, T 3 also acts indirectly (Gomes et al. 1999 , Martinez & Gomes 2005 .
T 3 directly activates gene expression by binding to TH receptors (TRs) expressed from the two THRA and THRB genes (Yen 2001 , Flamant et al. 2007 . TRs act mainly as heterodimers with retinoid X receptors (RXR), and remain bound to DNA in the absence of hormone binding. Well-characterized T 3 response elements (TRE) usually associate two half sites, related to the consensus 5 0 AGGTCA3 0 , arranged as a direct repeat separated by four nucleotides (DR4), as an everted repeat separated by six nucleotides (ER6) or as a palindrome (IR0; Desvergne 1994) . Whereas THRA expression is ubiquitous in cerebellum, THRB is expressed only in Purkinje cells. Unliganded TRa1, the receptor isotype encoded by THRA, exerts a negative influence on gene expression and is responsible for most of cellular alterations linked to hypothyroidism in cerebellar neurons (Morte et al. 2002) . This explains why mice lacking THRA or both THRA and THRB genes (Gothe et al. 1999 , Gauthier et al. 2001 do not display the typical features of congenital hypothyroidism in cerebellum neurons (unpublished observations) . By contrast, THRA deletion is sufficient to delay the differentiation of oligodendrocyte precursor cells (Billon et al. 2002) and astrocytes (Morte et al. 2004) .
Although the expression of a number of genes has been shown to change in hypothyroid brain (Poguet et al. 2003 , Bernal 2005 , Dong et al. 2005 ), very few direct target genes of T 3 are known in brain. To our knowledge, this includes only Hairless (Hr), Sygr1 (Potter et al. 2001) , RC3/neurogranin (Guadano-Ferraz et al. 1997 , Morte et al. 1997 , BTEB (Denver et al. 1999) , and Rhes (Vargiu et al. 2001) . We combine here various in vivo and in vitro approaches to identify several other genes, which are regulated by T 3 in post-natal cerebellum.
Material and methods

Animals
Pax8
K/K knockout mice (Mansouri et al. 1998) , which usually die within 3 weeks after birth, were produced from heterozygous parents with a mixed C57Bl6/129Sv genetic background. Wild-type littermates were used as control. TH treatments were performed by two i.p. injections daily (Hegg et al. 1990 ) performed 48 and 24 h previous killing (0 . 2 mg T 3 , 2 mg T 4 (Sigma) per gram of body-weight in 100 ml phosphate buffer saline). All animal experimentations were performed under animal care procedures were conducted in accordance with the guidelines set by the European Community Council Directives (86/609/EEC).
Primary neuron cultures
All media were purchased from Invitrogen. Cerebellums were dissected from P2-P4 wild-type mice in Hank's balanced sodium salt (HBSS, without Ca 2C and Mg
2C
. Supplemented with 1 mM NaPyruvate and 10 mM HEPES pH 7 . 4) rinsed in HBSS/Pyruvate/HEPES and resuspended in serum-free culture medium (neurobasal supplemented with B27 (2%) Glutamine (0 . 5 mM), penicillin (10 U/ml) and streptomycin (10 U/ml)), before seeding on poly-L-lysine (Sigma) coated 24-well multiwells (Falcon; 3!10 5 cells/cm 2 ). Whenever indicated, cycloheximide (Sigma) was added for 6 h, together with T 3 or not, to the culture medium at 100 mg/ml. T 3 (Sigma) was used at 10 K7 M.
RNA extraction
RNAs were extracted from cerebellum using the mammalian Genelute extraction kit (Sigma) and further purified after RNase-free/DNaseI treatment (Fermentas). RNAs were extracted from primary neuron cultures using the Nanoprep kit, also including DNaseI treatment (Stratagene, San Diego, CA, USA).
Microarray analysis
RNAs were prepared for individual cerebellum either at P8 (three wild-type mice, four Pax8 K/K mice, one Pax8 K/K mouse treated with TH for 6 h, two Pax8 K/K mice treated with TH for 48 h) or P15 (four wild-type mice, three Pax8 K/K mice, one Pax8 K/K mice treated with TH for 6 h, three Pax8 K/K mice treated with TH for 48 h). Each individual RNA was compared with a pool of reference whole brain P15 (10 brains). Twenty-one microarrays were hybridized to amino-allyled, oligodTV primed, cDNA, prepared from 10 mg of these individual RNA and cross-linked to Cy3 or Cy5 dyes (Amersham). Microarrays for cerebellum RNA analysis were produced at NHGRI and contained 14 000 spotted PCR products, prepared from a nonredundant cDNA library (http://research.nhgri.nih. gov/microarray/downloadable_cdna.shtml). Image analysis was performed using the ArraySuite software package developed at NHGRI, and data with a quality, as defined in ArraySuite, inferior to 1 were discarded, leaving 12 800 spots analyzable in all microarrays. RNA (200 ng) prepared from cultured neurons was first submitted to two rounds of linear amplification (MessageAmp aRNA Amplification Kit, Ambion) before analysis with microarrays spotted with 26 000 synthetic 50-mers oligonucleotides at Reseau National des Génopoles (http://www.microarray.fr). Two independent experiments were performed. Image analysis was performed using GenePix Pro 6.0 (Molecular Devices, Philadelphia, PA, USA). All data were filtered for low signal and the threshold for TH induction was set to 2. quantitation was performed in duplicates or triplicates using the HPRT and TBP housekeeping genes as internal standards and the 2 KDDCt method for analysis (Livak & Schmittgen 2001) .
Bioinformatics scanning of putative TH response elements TRE matching exactly the consensus sequences (
0 for ER6) and located within 25 kb of annotated cap site were listed for the human and mouse genomes as described (Bourdeau et al. 2004) . Hr genomic sequences were scanned with NUBISCAN (Podvinec et al. 2002 ) using a threshold of PZ0 . 05.
In vitro DNA-protein interaction A gel retardation assay was used to address the ability of TRa/RXRa heterodimers to bind double-stranded 25-28 oligomers centered on consensus TRE sequence. Recombinant human TRa and RXRa were prepared from pSG5TRa and pSG5RXRa plasmids by coupled in vitro transcription/translation (TnT Coupled Reticulocyte Lysate Systems, Promega). TRE DNA probes were labeled with [g-32 P]ATP using T 4 polynucleotide kinase and then purified by acrylamide gel electrophoresis. DNA probe (2!10 4 c.p.m.) and 2 ml of programed lysate were incubated for 30 min at room temperature in 20 mM Tris (pH 8), 50 mM KCl, 10% glycerol, 50 mM NaCl, 2 mM MgCl 2 , 2 mM dithiothreitol, 50 ng/ml poly(dI-dC)-poly(dI-dC) and 5 ng/ml salmon sperm DNA. Bound complexes were separated by low ionic strength acrylamide gel electrophoresis (0 . 5!Tris Borate EDTA buffer, 180 V for 90 min). Gels were fixed in a 10% acetic acid/20% methanol solution and dried for autoradiography. For competition experiments, a 100-fold molar excess of unlabeled double-stranded consensus DR4 oligonucleotide (5 0 CGATTTGAGGTCACAGGAGGTCACACAGT T 3 0 ) or aspecific oligonucleotide (5 0 GAGAGGAGATAAG-CTGCCGCTAATGGCCGGGAAA3 0 ) were incubated with proteins prior to the addition of labeled doublestranded probe.
Chromatin immunoprecipitation (ChIP) assays
Cerebella from six 20-day-old C57BL/6 animals were pooled and fixed in 1% formaldehyde for 15 min at RT and this was followed by another incubation for 1 h at 4 8C. Cross-linking was stopped by addition of glycine to a final concentration of 0 . 125 M. ChIP experiments with antibodies raised against TRa1 (Plateroti et al. 2001) were next performed as previously described (Compe et al. 2005) . Coimmunoprecipitated DNA was quantified by real-time quantitative PCR with Lightcycler apparatus (Roche Diagnostic). The primers, whose sequences are available upon request, were designed in order to encompass the thyroid response elements found within the different promoters. The results are presented as percentages of immunoprecipitated DNA relative to the input from two independent experiments. We verified using several negative control fragments, chosen on nonregulated genes, that background PCR amplification corresponds to !0 . 1% of input DNA.
Results
Microarray analysis
Pax8
K/K knockout mice suffer from congenital hypothyroidism due to thyroid agenesis (Mansouri et al. 1998 , Flamant et al. 2002 . We harvested Pax8 K/K cerebellum RNA at post-natal day 8 (P8) or day 15 (P15) either 6 or 48 h after TH treatment. When a stringent twofold change threshold was used, very limited changes in gene expression, both positive and negative, were observed after TH treatment (Table 1 ). With the exception of A kinase (PRKA) anchor protein 1 (Akap1), all genes responded to TH treatment only at one developmental stage. Several genes, present on the microarrays, but absent in Table 1 , are known to be sensitive to TH treatment. This included BTEB and cyclinD2 for which induction rate were close to the twofold threshold. We thus suspected that the statistical thresholds chosen for microarray analysis were too stringent to identify some authentic TH target genes. However, subsequent Q-RT-PCR experiments showed that, under this threshold, the rate of false positive was high (data not shown).
To favor the detection of direct T 3 target genes and avoid that TH metabolism and transport might oppose to a rapid variation in cerebellum TH content (Galton 2005) , we performed another microarray analysis on primary neuron culture RNA. We compared untreated and T 3 treated neurons (10 K7 M, 6 h), in the presence of cycloheximide, a translation inhibitor, which avoids the activation of secondary target genes. This experiment identified a distinct, and larger set of genes, which were either activated or repressed by T 3 treatment (Table 2) .
Q-RT-PCR analysis of gene expression in whole cerebellum
We performed Q-RT-PCR analysis to confirm the regulation both in vivo and in cultured neurons, for candidate T 3 target genes (Akap1, kin of IRRE like 3 (Kirrel3), leucine rich repeat protein 1 (Lrrn1), L QUIGNODON and others . Thyroid hormone target genes in cerebellum transglutaminase 1 (Tgm1)) and a gene which was close to the twofold threshold in several experiments (Gabra6 ((GABA-A) receptor, subunit a6) and D0H4S114/P311; Fig. 1 ). We also included control genes whose expression is known to be sensitive to TH deficiency. This last category included Hr, an authentic TH target gene expressed in granular neurons, neurotrophin-3 (NT-3), which is indirectly regulated by TH (Poguet et al. 2003) and PDGFRa, a marker of oligodendrocytes precursor cells (Tekki-Kessaris et al. 2001) which differentiation is strictly dependent on T 3 (Tang et al. 2001 ) and Pcp2, a gene whose expression in Purkinje cells is known to be reduced in case of hypothyroidism. Hr, Akap1, Gabra6, Kirrel3, Lrrn1, Pcp2 and NT-3 were all activated at P8 when TH treatment was performed in vivo, while PDGFRa was down-regulated, also not in a significant manner (Fig. 1) . D0H4S114/P311 expression was not changed (data not shown). The regulation was also addressed for some genes at P15, and the induction rate was generally found to be reduced (data not shown).
Q-RT-PCR analysis of gene expression in primary neuronal cell cultures
Three modes of in vivo regulation by TH can be proposed. First, liganded TR can exert direct transcriptional regulation on gene promoter. Alternatively, TH can first activate transcription factors or cofactors regulation, which in turn activate secondary targets in a cell autonomous manner. Finally, non-cell autonomous activation might occur, resulting from the activated secretion of neurotrophic factors, like NT-3, by TH. To distinguish between these possibilities, we performed Q-RT-PCR analysis of gene expression in primary cultures of cerebellar neurons, exposed to T 3 (Fig. 2) . We verified Figure 1 Q-RT-PCR analysis of whole cerebellum RNA. RNAs were prepared from cerebellum at P8 from hypothyroid Pax8 K/K mice (nZ8), Pax8 K/K treated for 2 days with TH (nZ10), or wild-type littermates (nZ12). *Indicates mean values which significantly differ from Pax8 K/K mean value (Student t-test; P!0 . 05). Data are expressed as ratios compared with a reference sample (euthyroid whole brain at P15, except for Lrrn1, Kirrel3 and Tgm1 where a T 3 treated P8 cerebellum was used, as expression was too low in the reference sample).
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2·50 2·00 1·50 1·00 0·50 0·00 H r N T 3 P c P 2 G a b r a 6 A k a p 1 K i r r e l 3 L r r n 1 Oh 6 h T3 24 h T3 48 h T3 CHX CHX + 6 h T3 Figure 2 Q-RT-PCR analysis of cultured neurons RNA. RNAs were prepared from cultured neurons 2 days after seeding. T 3 was added 6, 24 or 48 h before. Cycloheximide was added (dark bars) to block RNA translation to identify genes, which are likely to be direct target genes. Only one representative experiment is shown. All presented activations were reproducible in three independent experiments. Data are expressed as ratios, compared with average level. that serum-free culture conditions favor the survival of neurons, mainly granular neurons, at the expense of glial cells. After 48 h of culture, more that 90% of the cells displayed the Tuj1 neuronal marker, whereas less that 2% expressed the Glial fibrillary acidic protein, a marker for astrocytes (data not shown). When treated with T 3 , these cell cultures quickly reacted (Fig. 2) by a robust increase in Hr expression. The response amplitude appeared to be less variable that the in vivo response. By contrast, NT-3 was not activated in this system, confirming the previous conclusion that the in vivo activation of this gene by TH is not a cell autonomous process (Poguet et al. 2003) .
A moderate augmentation of Akap1, Gabra6, Kirrel3, Lrrn1 and Pcp2 also occurred, suggesting that T 3 is acting in a cell autonomous manner to up-regulate these genes and that this activation does not require previous NT-3 activation. When T 3 was added for 6 h in the presence of cycloheximide, a translation inhibitor, Hr, Akap1, Lrrn1 and Kirrel3 activation was maintained indicating that these four genes are probably direct T 3 target genes.
Bioinformatics scanning for thyroid response elements
To determine whether the direct target genes identified in the present study were regulated by binding of TR on consensus TRE (DR4, IR0 and ER6), we performed a bioinformatics screen of the whole mouse genome for the consensus elements located within 25 kb of annotated cap sites. As TRE consensus is frequent, even in random sequences, this method identified a large number of putative T 3 target genes (5246 TRE with perfect match). Among the 43 up-regulated genes present in Tables 1 and  2 , Akap1, ADP-ribosylation factor 1 (Arf1), ATPase, HC transporting, lysosomal V0 subunit D1, cadherin 1 (CdhI), cytochrome c oxidase (Cox6c), hemoglobin a, adult chain 1 (Hba-a1), lysozyme, leucine-rich repeats and calponin homology domain containing 4, Lrrn1, protein phosphatase 2, reg. subunit B, d, Myeloid ecotropic viral integration site-related gene 1 (Mrg1) and Spindlin were found in this list. Although this is an indication that these genes might be direct TR target genes, the observed frequency of TRE-containing genes (12 out of 43 regulated genes) is close to the frequency (30%) expected for a random distribution of TRE elements in the genome. To focus our analysis on the TRE that are more likely to be important for developmental regulation, and thus conserved during evolution, we crossed the list of the equivalent list obtained for the human genome to identify TRE present in both homologous genes. This criterion has been shown to facilitate the recognition of true nuclear hormone target genes (Bourdeau et al. 2004) . This allowed us to focus on the subset of 157 putative target genes which possess a perfectly matched TRE in both species (113 DR4, 25 IR0 and 19 ER6) . This list included Akap1 and Mrg1.
We also addressed the possibility that the list of genes with a consensus TRE in both the mouse and human genomes contains other TH target genes, which are regulated during cerebellum development, but were not identified in our microarray experiments. We first monitored databases for expression patterns (GENSAT, Genepaint, Allen Brain Atlas) and for published genetic evidence of possible involvement in neurodevelopment and neural cells differentiation. We then selected 19 of these genes for further Q-RT-PCR expression analysis: Adam23, Chrna1, COUP-TFI, Crk, c-ski, Dlgh1, a-laminin, Lin28, Midnolin, Prdx3, Prkca, Ptprj, SEMA4G, Sncb, Stathmin, Syngr, Tle6, Tgm1 and Vav1. Among these, only Tgm1 was found to be highly induced in vivo in cerebellum (Fig. 1) , but was not expressed in cultured neurons.
Hr, which is directly regulated by T 3 and possesses an identified TRE 2345 upstream to its cap site (Thompson & Bottcher 1997) , was not present in the list of genes with an evolutionary conserved TRE. This indicates that the choice of a stringent threshold precludes the identification of a fraction of the authentic TH target genes. To scan for response elements more loosely related to the consensus, we used NUBISCAN (PZ0 . 05 threshold) to analyze individual mouse genomic regions covering the candidate TH target genes cap sites. This identified three other putative TRE for Hr (Table 3) .
Identification of TRa/RXRa heterodimers bound to TRE in vitro and in vivo
To ascertain that we have identified bona fide direct TRa1 target genes, the only isoform present in all cerebellar cell types, we performed protein-DNA interaction assays on some of the most likely candidate genes. In vitro, TRa/RXRa heterodimers were able to bind to the TRE identified (Table 3) for Hr (K2345), Akap1, CdhI, Hba-a1 and Tgm1 (Fig. 3) . We finally used ChIP assays to directly establish the actual occupancy of promoters by TR (Fig. 4) . In whole cerebellum extracts, TRa was found to be present on fragments covering the identified TRE for Hr, Akap1, Cdh1, Hba-a1, Mrg1, Tgm1. Taken together, these data strongly suggest that TRa heterodimers, bound to identified DR4 elements, mediate positive regulation of Hr, Akap1, Hba-a1, Tgm1 and negative regulation of Cdh1 and Mrg1.
Discussion
In the present study, we combined bioinformatics prediction, primary neuronal culture and whole cerebellum RNA microarray analysis to identify genes, which are regulated by T 3 in the developing cerebellum. Previous attempts were either limited to L QUIGNODON and others . Thyroid hormone target genes in cerebellum (Martel et al. 2002) comparison between hypothyroid and euthyroid animals (Dong et al. 2005) , performed on whole brain RNA only (Poguet et al. 2003) or at a post-developmental stage (Haas et al. 2004) . These studies identified few putative TH target genes suggesting that, upon TH treatment, the expression of a limited number of genes is changed and the induction rates are limited. The numerous differences observed between hypothyroid and euthyroid animals (Dong et al. 2005 ) might thus mainly reflect a difference in cell composition. This contrasts with the situation found in liver (Flores-Morales et al. 2002 or skin fibroblasts (Moeller et al. 2005) , where the same experimental approaches revealed that expression of many genes quickly changes after T 3 treatment. Although technical limitations might have hampered the identification of the entire repertoire of TH target genes in cerebellum, the present study strongly suggests that the actual number of direct transcriptional TH targets is much more limited than in other tissues. It seems therefore that gene regulation by TH in the developing cerebellum has to be tightly 
Labeled probe DR4 control unlabled probe Aspecific unlabeled probe Figure 3 In vitro interaction between putative TRE and TRa/RXRa heterodimers. A double-stranded DR4 consensus sequence (5 0 AGGTCAcaggAGGCTA3 0 ) was used as positive control and found to form a complex with recombinant TRa/RXRa. (2) but not with unprogramed reticulocytes lysate (1). Binding specificity was verified by competition with unlabeled specific (3) or non-specific (4) DNA. Similar complexes, destabilized by competition with excess of consensus DR4 TRE, formed with DR4 found in Hr, Akap1, Cdh1, Tgm1 and Hba-a1.
L QUIGNODON and others . Thyroid hormone target genes in cerebellum controlled. This also suggests that studying T 3 action will help to pinpoint few target genes involved in the basic molecular mechanisms underlying cell proliferation, differentiation, migration, and apoptosis in brain and bring a new insight into the genetic program which controls brain development.
Parts of the TH-induced changes in gene expression that we have observed are indirectly related to TH function, and only reflect the advancement of cerebellum maturation and cellular differentiation. PDGFRa for example is a specific marker for oligodendrocyte precursor cells in brain. The decrease of PDGFRa during post-natal development, its increased expression in hypothyroid mice or its slight decrease after TH in vivo treatment probably reflects only oligodendrocytes precursor differentiation. Gabra6 is expressed only in inner granular cells and its up-regulation by TH might also reflect progression of this cell type toward terminal differentiation. However, although it is not a direct TR target gene, Gabra6 is activated by TH in cultured neurons, most probably in a cell autonomous manner. This gene encodes a cerebellum-specific subunit of GABA receptors whose specific function has not been clarified by knockout analysis (Jones et al. 1997) . As GABA is believed to exert, beside its neurotransmitter function, a trophic effect during brain development (Owens & Kriegstein 2002) , it would be interesting to explore the possible implication of Gabra6 in this poorly understood process and its putative regulation by TH. Some other indirect TH-mediated gene regulation might explain some features of hypo-or hyper-thyroidism. Sema3d encodes a semaphorin expressed at high level in cerebellum granular cells (according to the GENSAT database), which might be important for EGL cells migration. Syt4 encodes Synaptotagmin IV a secretory vesicle protein thought to function as an inhibitor of neurotransmitter release, and as a neuroprotective factor (Ferguson et al. 2004) . This view has been recently challenged (Ting et al. 2006) in favor of an alternative hypothesis stating that Synaptotagmin IV regulates glial glutamate release (Zhang et al. 2004) . Itpr1, also called Pcp1, is enriched in Purkinje cells, where it has a crucial role for Ca 2C signaling (Matsumoto & Kato 2001) .
By combining expression and protein-DNA interaction analysis, we accumulated enough evidence to ascertain that T 3 directly up-regulates in the cerebellum the expression of the following six genes: Akap1, Cdh1, Hba-a1, Hr, Mrg1, Tgm1. Only Hr was already known to be a TH target gene. In vitro neuronal cultures also suggests that Lrrn1 and Kirrel3 belong to this category of direct TH targets, although we did not identify evolutionary conserved TRE for these two genes. Three of these genes (Cdh1, Mrg1, Akap1) were identified by whole cerebellum microarray analysis, three (Lrrn1, Kirrel3, Hba-a1) by microarray analysis of cultured neurons, and the last gene (Tgm1) was found by bioinformatics screening. Interestingly, T 3 seems to directly mediate both positive (Akap1, Hba-a1, Hr, Kirrel3, Lrrn1, Tgm1) and negative (Cdh1, Mrg1) transcriptional regulation. This reinforces the view that the current model for TR-mediated transcription (Rosenfeld et al. 2006 ) is still incomplete (Nygard et al. 2003 (Nygard et al. , 2006 . The expression of Akap1, Kirrel3, Lrrn1, and Tgm1 was not significantly reduced in hypothyroid Pax8 K/K mice when compared with wild type. These genes thus seem to belong to a distinct category of T 3 -regulated genes that are mainly regulated by supraphysiological levels of T 3 . Such a regulation might thus be more relevant to the developmental alterations resulting from hyperthyroidism, rather than hypothyroidism.
Lrrn1 function is unknown. It encodes a neuronal protein with an IgCAM domain which might indicate an intervention in neuronal migration. The poorly studied Kirrel3 gene encodes a nephrin-like transmembrane protein involved in homophilic adhesion (Serizawa et al. 2006) able to support stem cells proliferation (Ueno et al. 2003) . Its expression pattern also suggests a function in late differentiation processes, especially synapses formation (Tamura et al. 2005) . Tgm1 encodes a Tgm1 with an important function in skin (Matsuki et al. 1998) . Its expression pattern and function in brain are unknown. Hba-a1, only known function, is to encode the 'a' subunit of hemoglobin and its expression in cerebellum is surprising at first glance. However, it has been shown that Hbb-b, which encodes the other subunit of hemoglobin, is present in cultured oligodendrocyte precursor cells, and downregulated when their differentiation is triggered by NT-3 withdrawal and TH addition (Dugas et al. 2006) . Therefore, hemoglobin might exist in non-erythroid cells and fulfill alternative function. Akap1 encodes an anchoring protein widely expressed in brain (McKee et al. 2005) and crucial for cAMP/PKA signaling (Newhall et al. 2006) , a pathway which mediates the anti-apoptotic activity of IGF1 on cerebellum granular neurons (Subramaniam et al. 2005) . The downregulation of cdh1, encoding E-cadherin, should also influence granular cell cycling and differentiation (Almeida et al. 2005) .
Together with the previously identified other T 3 target genes (Sygr1, RC3/neurogranin, BTEB, and Rhes), the new set of genes that we have identified offer interesting new entry points to the genetic program which control the complex network of cell-cell interactions that coordinate the normal post-natal development of cerebellum.
